The cleavage products of the spike (S) protein, the S1 and $2 subunits, of the highly neurovirulent murine coronavirus (MHV) JHMV cl-2 variant were identified by immunoprecipitation of virus-infected cell lysates after treatment with urea and 2-mercaptoethanol. By this method 14 monoclonal antibodies (MAbs) raised against the S protein of the cl-2 variant were revealed to react with the S 1 subunit and one with the $2 subunit. These 14 MAbs were classified into the following three groups: (A) MAbs reactive to almost all MHV strains examined, (B) MAbs specific for the JHMV strain and (C) MAbs specific for a large S protein of the JHMV strain. All five MAbs classified in group B showed neutralization activity and four of them also showed fusion inhibition activity. Four of six MAbs in group C showed neutralizing activity to the cl-2 variant but not to the sp-4 variant, and most of them had no fusion inhibition activity. Western blot analyses showed that all of the MAbs, except for no. 2 in group A, failed to react with the denatured S and S1 proteins. All MAbs in groups A and C, with the exception of no. 19 in group A, reacted with the mildly denatured S proteins, whereas none of the MAbs in group B did. These results suggest that MAbs in group B recognized highly conformational epitopes which may be involved in the binding ofvirions to cellular receptors and the fusion activity of the virus.
neutralization activity and four of them also showed fusion inhibition activity. Four of six MAbs in group C showed neutralizing activity to the cl-2 variant but not to the sp-4 variant, and most of them had no fusion inhibition activity. Western blot analyses showed that all of the MAbs, except for no. 2 in group A, failed to react with the denatured S and S1 proteins. All MAbs in groups A and C, with the exception of no. 19 in group A, reacted with the mildly denatured S proteins, whereas none of the MAbs in group B did. These results suggest that MAbs in group B recognized highly conformational epitopes which may be involved in the binding ofvirions to cellular receptors and the fusion activity of the virus.
Coronaviruses are enveloped viruses with a genomic ssRNA of positive polarity. On the surface of coronavirus virions are morphologically characteristic projections composed of the spike (S) protein. It is known that the S protein is N-glycosylated and varies in M r from 150K to 200K, depending upon the virus strain (Siddell et al., 1983 ; Spaan et al., 1988) . The S proteins of various coronaviruses are believed to be cleaved around the middle of the protein by a host cell-derived trypsin-like protease, resulting in the S 1 and $2 subunits containing the N terminus and C terminus of the precursor protein, respectively (Spaan et al., 1988) . This cleavage event is considered to be important for the manifestation of biological functions resident in the S protein. In particular, fusion formation in cells infected with coronaviruses has been reported to be related to the cleavage of the S protein (Frana et al., 1985; Sturman et al., 1985) . However, it has recently been shown that cleavage of the S protein is not a prerequisite for fusion formation in murine coronaviruses (Stauber et al., 1993; Taguchi, 1993) .
In the avian coronavirus infectious bronchitis virus (IBV) the cleavage products S1 and $2 can be seen as "~ Present address: Institute of Life Science, Soka University, 1-236 Tangi-cho, Hachioji, Tokyo 192, Japan. different bands in SDS-PAGE analysis (Cavanagh, 1983) , which facilitates the analysis of the S protein and its cleavage products (Cavanagh & Davis, 1986) . However, in murine coronaviruses the study of cleavage products by SDS-PAGE has been hampered because the S1 and $2 subunits have almost the same M r and therefore can not be discriminated (Sturman et al., 1985) . Moreover, the cleavage products of the S protein of murine coronaviruses can not be successfully separated by the urea method applied for IBV (Weismiller et al., 1990) . Therefore, the separation and identification of the S1 and $2 subunits of murine coronavirus MHV-A59 have been carried out by chromatography on hydroxyapatite (Frana et al., 1985) . In this paper, we describe a procedure for immunoprecipitation by subunit-specific monoclonal antibodies (MAbs) for the identification of the S1 and $2 subunits of a highly neurovirulent murine coronavirus JHMV cl-2 variant (Taguchi et al., 1985; Matsubara et al., 1991) . We have applied our immunoprecipitation protocol to a panel of MAbs specific for the c 1-2 S protein and examined whether they recognized the S1 or $2 subunit. Furthermore, we have analysed the biological activities of these MAbs.
Firstly we examined the S protein and its cleavage products produced in DBT cells after infection with the cl-2 variant by pulse-chase labelling and SD~PAGE. DBT cells were infected with the cl-2 variant at an m.o.i. of 1, and 8 h later medium was replaced by Eagle's MEM containing [35S]methionine (EXPRE35SasS-Protein Labelling Mix, NEN). Cells were cultivated for a further 30 rain pulse-labelling. The medium was then replaced by MEM without [sSS]methionine and the ceils were cultivated for 1 h to allow for chase-labelling. These cells were lysed and the lysates were immunoprecipitated with anti-murine coronavirus JHMV serum kindly provided by Dr Y. K. Yamada and analysed by 10 % SDS-PAGE as previously reported (Taguchi et al., 1985) . As shown in Fig. 1 (a) in the pulse-labelled sample, a major band with an approximate M r of 170K was observed. In the chased sample, two additional bands were visible, 96K and 86K as well as a band of 170K. From nucleotide sequence analysis (Parker et al., 1989; Taguchi et al., 1992) , the S1 subunit was expected to be about 15K to 20K larger than the $2 subunit. This suggested that the 96K and 86K proteins corresponded to the S1 and $2 subunits, respectively. To ascertain whether this is the case, we have performed immunoprecipitation with the lysates prepared as described above and MAbs specific for each subunit. As shown in Fig. 1 (a) MAb no. 3 recognizing an epitope on the S1 subunit (Takase-Yoden et al., 1990) precipitated both the 96K and 86K proteins as well as the 170K protein. In addition, in the precipitants made by MAb 10G, recognizing an epitope on the $2 subunit (Routledge et al., 1991 ; kindly provided from Dr S. Siddell), the 96K and 86K proteins were found. Coprecipitation was assumed to be due to the non-covalent interpeptide association between the S1 and $2 subunits as reported previously (Cavanagh, 1983) . We, therefore, treated the lysates with 4M-urea and 0"5M-2-mercaptoethanol (2ME) in a buffer (50 mg-Tris-HC1 pH 7'5) for 20 min on ice to dissociate the S1 and $2 subunits and then diluted the samples 10-fold with water. The treated samples were immunoprecipitated with each MAb. The results shown in Fig. 1 (a) indicated that S 1-specific MAb no. 3 precipitated the 170K and 96K proteins and S2-specific MAb 10G precipitated the 170K and 86K proteins. These results clearly showed that the 96K and 86K proteins corresponded to the Sl and $2 subunits, respectively. Furthermore, we have shown by peptide mapping with V8 protease that the 96K and 86K proteins were derived from the 170K protein (data not shown).
The results described above demonstrate that the cleavage products of the S protein could be identified by the immunoprecipitation of urea and 2ME-treated lysate using MAbs. Then, we examined whether or not the immunoprecipitation described above could be applied to identify the subunit specificity of a panel of MAbs specific for the S protein. MAbs employed for this experiment were produced by the infection of BALB/c mice with 10 a p.f.u, ofcl-2 virus and subsequent boosting with partially purified cl-2 virions. We have obtained 15 MAbs specific for the S protein of cl-2. The immunoprecipitation of lysates treated with urea and 2ME was done with each of these 15 MAbs and 14 of them precipitated the S1 and S proteins. Only one MAb, no. 18, reacted with the $2 and S polypeptides ( Fig. 1 b , Table 1 ). No MAbs reacted with both the S1 and $2 subunits. In the standard immunoprecipitation in which the lysate was not treated by urea and 2ME the MAbs showed a variable pattern in reactivity with the S protein and its cleavage products. About half of them reacted with all species of S protein, some with only the S protein and others with the S and S1 proteins. At present, we have no satisfactory explanation for these differences in reactivities. However, there was a correlation between the reactivity to the S1 subunit and neutralization activity ( Table 2 ). The 14 MAbs reactive with S1 were et al., 1988 ; Hussein et al., 1991) . To examine the reactivity to fully denatured protein, the c 1-2 variant-infected DBT cell lysate was boiled for 3 min in a sample buffer (50 mM-Tris-HC1 pH 6.8, 1% SDS, 5% glycerol, 0"01% bromophenol blue) containing 50mM-DTT, electrophoresed in SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane. As shown in Table 1 , only MAb no. 2 reacted slightly with the denatured S protein and S1 subunit (less than one-tenth intensity compared to the reactivity to the mildly denatured S protein). We then examined the reactivity of MAbs to the mildly-denatured S protein by Western blotting (Cohen et al., 1986) . In this case, the cell lysates were treated in sample buffer without DTT at room temperature for 3 min. The results indicated that all MAbs in group B failed to react with the mildly denatured S protein, whereas all A and C MAbs, except for no. 19, reacted strongly (Table 1) . These results show that the MAbs in group B recognize highly conformational epitopes and also that the modified immunoprecipitation is a useful method for identifying the S protein subunits with which MAbs recognizing highly conformational epitopes react. We next examined the neutralization activity of 15 MAbs against the JHMV cl-2 variant which has a large S protein and the sp-4 variant which has a small S protein (Taguchi & Fleming, 1989) by the 50 % plaque reduction method (Taguchi et al., 1980) . MAbs in group A had no neutralizing activities for either the cl-2 or sp-4 variants, except for no. 2 which exhibited a very low neutralizing activity to the cl-2 variant (1:50). All of the MAbs in group B showed a high neutralizing activity (1 : 100000 to 500000) to both the cl-2 and sp-4 variants, except for no. 71 (which showed a neutralizing activity of 1:2000). MAbs in group C mostly showed a high neutralizing activity, more than 1:25000, with the exception of no. 8 and 63. As expected, no MAbs in group C showed neutralizing activity for the sp-4 variant ( Table 2) .
Then we examined whether the 15 MAbs inhibited cell fusion induced by the S protein of variant cl-2. The two test systems used were the inhibition of fusion of DBT cells induced by the cl-2 variant infection and the inhibition of fusion produced by infection with a recombinant vaccinia virus that expresses the cl-2 variant S protein [RVV(c12-S)] (Taguchi et al., 1992) . The latter system can exclude the possibility that the fusion inhibition is caused by neutralization of infectious viruses. DBT cells prepared in 24-well plates (Falcon) were infected with either cl-2 or RVV(cl2-S) at an m.o.i. of 1 or 0-3 and incubated at 37 °C for 1 h. Cells were then cultured with 250 ~tl of Dulbecco's MEM supplemented with 10 % fetal calf serum containing various dilutions of MAbs for 10 to 12 h after inoculation with cl-2 or for 20 to 30 h after inoculation of RVV(cl2-S). Then, the nuclei and fused cells were counted by microscopical observation after Giemsa staining. The fusion index was defined as described previously (White et al., 1988) ; the fusion inhibition titre was expressed as the reciprocal of the dilution of MAb required to reduce the value of the fusion index to less than 50 % as compared with the normal ascites, SP2/O. As shown in Table 2 , all but one (no. 85 in group C) MAbs with cell fusion inhibition activity belonged to group B. MAbs in group B with a high neutralizing activity, no. 3, 6, 13 and 93, exhibited inhibition activity with different titres and there was no correlation between neutralization and fusion inhibition titres. It was found that there was no essential difference in the fusion inhibition activity of the MAbs examined in the two different systems.
In summary, the characterization of MAbs specific for the S1 subunit showed that the epitopes recognized by MAbs in group B may play an important role in the binding of virions to the virus receptor and in fusion formation. It was also apparent that the secondary or tertiary structure of the S1 subunit is essential for the manifestation of these biological activities. To analyse the relationship between these biological activities and S1 structure, experiments are now in progress to isolate variant viruses resistant to the various MAbs described in this paper. Such MAb-resistant variant viruses would also be useful for further understanding of the importance of the S protein in the neuropathogenicity of cl-2 virus in rats. HUSSEIN, K. A., STORTZ, J. & KOUSOULAS, K. G. (1991 
